Gaussian beam propagation through a thin screen and an extended random media has been studied using a beam propagation method. We use the modified von Karman spectrum model to describe the phase screen statistics. The scintillation index is analyzed as a function of the structure constant, phase screen location, the initial width and curvature of the Gaussian beam, etc. The numerical simulations are extended using a pair of Gaussian beams. We examine the interference of the beams and measure the fringe visibility at the target. The results are correlated with the scintillation index.
INTRODUCTION
With the increased interest in using optical wavelengths in free-space telecommunication settings, it is vital to understand the effects the atmosphere invokes upon coherent laser sources. A better understanding of atmospheric effects on propagating optical beams should enable applications of free space optical communications, remote imaging, surveillance, etc [1] . A vast amount of work has been done on this topic and a few are devoted to the effects that the modified von Karman spectrum (MVKS) has on laser beam propagation. We have chosen the MVKS spectrum for its simplicity, while still including both the inner and outer scales defining the inertial range for the turbulent eddies [1, 2] . The outer scale influences the amplitude variance even in weak turbulence. It can affect the off-axis scintillation index (SI) for larger beams [3] , but in our work the outer scale provides a filter at long spatial wavelengths [4] .
In this paper, we report our initial simulation results on the effect of the MVKS using a single phase screen placed at different positions over the entire propagation distance. The motivation for our study is the use of phase screens to describe turbulence in a compact turbulence testbed [5] . Our theoretical calculations follow a widely used beam propagation algorithm [2, 6] . In the simulations we include the initial beam width and curvature, the propagation distance, and the location of the phase screen in the propagation path. The phase fluctuations of the phase screen are parameterized by the Fried parameter, which describes the transverse coherence length, and the inner and outer scales. A simple equation connects the structure constant to the Fried parameter [1, 2] . The SI is computed for a range of values for each of these parameters. The SI of the single beam case is compared with the fringe visibility (FV) due to interference between a twin set of transversely separated Gaussian beams. As in the previous case, a single phase screen is again located along the propagation path causing fluctuations in the irradiance.
THEORETICAL BACKGROUND
For free space optical communications it is important to understand the effects the atmosphere has on propagating beams, since the atmosphere creates beam wander and breakup. Beam fluctuations lead to signal fading and bit error rates that may severely impair the system performance.
The SI is conventionally defined as the "normalized variance of irradiance" [2] . This value can be obtained from experimental data or calculated theoretically. Theoretical calculation requires knowledge of the fourth-order cross-coherence function [2, 3, 4] . Mathematically, the SI is defined as
where . denotes the ensemble average, , is the local irradiance, is the propagation distance of the beam, and is the radial distance from the propagation axis (z) [2] . The variation of the irradiance may also be described by the Born approximation which accounts for the effects of scattering; however this approximation is insufficient and inaccurate for millimeter, infrared and optical wavelengths [4] . The Rytov approximation is a modification of the Born approximation which is used to describe the effects of scattering, and is used to calculate the theoretical expectations of the variance in the irradiance [2, 4] . The atmosphere is typically modeled in terms of the power spectral density (PSD) for the refractive index n; the most common models are Kolmogorov, Tatarskii, and the von Karman [1] . In our simulation, we use the MVKS described by
where denotes a spatial frequency. The inner scale, , is inversely proportional to , and similarly the outer scale, , is inversely proportional to . This model is chosen since it includes the inner and outer scale factors which are used to describe the size of turbulent eddies [2, 4] . The strength of turbulence is contained within a structure constant , and typical values are of the order of 10 m -2/3 [1] . The Rytov variance for a plane wave is represented by [4] 
where is a normalized distance across the turbulent region of thickness Δ. Also, 2 / , where is the wavelength. Another important value relating to the turbulence strength is the Fried parameter, , which corresponds to the transverse distance over which the root mean square wavefront aberration is less than 1 radian. For a spherical beam, the relationship between the structure constant and the Fried parameter is given as [1] :
The phase screen simulates the random phase perturbations in a model of extended atmospheric turbulence [1, 6] . Models may include several phase screens or just one; however, the general method for generating a phase screen remains the same. Each "point" along the wavefront has a different phase perturbation. The phase screen is created using random complex independent Gaussian random numbers [1] . The random numbers are generated to have a zero mean and a unit variance. The phase power spectrum (PPS) is related to the index PSD in Eq. (2) and defined in terms of the Fried parameter by
The square-root of the PPS is then multiplied by a complex random variable matrix, , and inverse Fourier transformed. The real part of this result is the random phase function, , , due to atmospheric fluctuations. The phase screen is then a random distributed matrix generated by
where IFFT denotes the inverse Fast Fourier transform and ∆ , ∆ denote increments in spatial frequencies in x and y.
For two identical twin transversely separated Gaussian beams, the beams constructively and destructively interfere during propagation, resulting in fringes as they propagate to the far field. The quality of the fringes is generally a measure of optical coherence and is defined mathematically in terms of the intensity on the observation plane as .
SIMULATION OF A SINGLE GAUSSIAN BEAM PROPAGATED THROUGH A SINGLE THIN PHASE SCREEN
First, a single Gaussian beam, using a MATLAB script, has been propagated in a transverse domain of physical size of 750mm x 750mm, sampled 1024 points along each axis. The Gaussian beam is constructed to initially have a plane wavefront and is represented by
The default value for the beam waist is set at 30mm for most simulations (corresponding to a Rayleigh range of approximately 5.5 km assuming a wavelength of 0.5 microns), unless otherwise noted. Where needed, the beam waist is varied between 10mm and 50mm. To determine the SI at the target, fifty "frames" each comprising 1024x1024 points are first averaged to get the beam intensity profile after one "exposure". The SI varies with the radial distance from the propagation axis. It is customary to consider the central, on-axis point of the beam in calculating the SI. For each frame the mean of the central 10x10 points, 512±5 in each dimension, are used in calculating the on-axis SI using Eq. (1). Each frame involves a different phase screen resulting from the same PPS and a constant Fried parameter. The differing phase screens arise due to a unique draw of complex random variables with a zero mean and unit variance for each frame [1] . The mean of thirty "exposures" are now used to determine the final SI for the given beam waist, phase screen location, and propagation distance. Furthermore, as a check, the SI is also calculated in the absence of the phase screen. The effect of the diffraction alone on the SI is, expectedly, seen to be several orders of magnitude smaller than the atmospheric phase fluctuations and thus is considered negligible.
At 0 the Gaussian beam is launched. Beam propagation is used to evaluate the effects of diffraction and the presence of the phase screen. The phase screen is determined by the PPS written in terms of the Fried parameter, which has been defined in Eq. (5). While it is far more common to represent the PPS utilizing the structure constant, we have chosen this approach because physical phase screens are fabricated with a specific Fried parameter in mind [7] . The value of the Fried parameter is 246 mm and future work will include comparing these results with a constant for extended turbulence. Also, the values of the inner and outer scales are taken as l 0 = 1 mm and L 0 = 3 m.
The width of the Gaussian beam is now varied between 10mm and 50mm with 5mm increments and the propagation distance is also varied from 1 km to 5 km with 1 km increments. The phase screen location is set at a constant value of half the propagation distance and the Fried parameter is held at a constant value of 246 mm. The results are shown in Figure 1 . As the propagation distance increases, the scintillation index also increases, as expected, and holds true for all phase screen locations. The data also shows that the SI can be minimized w.r.t. the beam waist w 0 for a given propagation distance. For instance, for a propagation distance of 4 km, the SI is minimum when the beam waist is 30mm. We reiterate that we find it more appropriate to use the Fried parameter rather than the Rytov variance since the former can be used to better characterize a phase screen. The scintillation index plotted as a function of phase screen location along the propagation path, where the transmitter is located at zero and the target at 1. The location of the phase screen is plotted for a variety of given distances (in meters) indicated by the legends below the plot. The beam waist is held at a constant value of w 0 =30 mm, and the Fried parameter is held at a constant value of r 0 =246 mm for all cases. The maximized effect of the phase screen occurs somewhere in the range of 50%-75% of the total propagation distance. The location of the phase screen is also varied from 0.10 of the total propagation distance to 0.85 of the total propagation distance, while the propagation distance is also varied from 1 km to 5 km with 1 km increments. The beam waist is set to a constant value of 30 mm and the Fried parameter is held constant at a value of 246 mm. The results are shown in Figure 2 . It is clear that the SI attains a maximum when the phase screen rests between 0.50 and 0.75 of the total propagation distance. We remark that a similar result also occurs with the quality of an image propagating in distributed turbulence, as shown in Ref. [8] . Note that the Rytov variance as introduced earlier does not account for the changes in phase screen location. Although placing the phase screen closer to the transmitter causes more initial beam wander, the SI is observed to be lower at the observation plane. Heuristically, this can be readily explained as a consequence of the van Cittert-Zernike theorem [1] . Placing the phase screen close to the target gives less propagation for seeing the effect of the random phase changes; therefore the SI is lower.
SIMULATION AND RESULTS OF TWIN GAUSSIAN BEAMS THROUGH AN INFINITELY SMALL SINGLE PHASE SCREEN
As mentioned earlier, we use two identical Gaussians separated by a certain transverse distance to determine the FV when they propagate through the random phase screen. The Gaussian beams used have been assumed to have the same parameters as the single Gaussian beam case described above. The Gaussian beams are twins, referring to same beam waist and curvature. The beams are constructed to have initially plane wavefronts and centered along the (transverse) y-axis at ± y 0 where y 0 =w 0 :
The beam waist is set at 30mm for most simulations, unless otherwise noted, which is within the range of beam waists used to find the SI above.
(a) (b) Figure 3 : (a) A typical cross-sectional plot of intensity variations during interference of twin Gaussian beams propagating through a random medium. A 1x1024 slice is taken from the average of 50 frames. The background, shown to be close to zero in the left figure, must be removed to get an accurate value for the FV. The case shown above is for two 10 mm beams separated by 30 mm propagated through a phase screen located at the midpoint of the total propagation distance of 1 km. The Fried parameter is held constant at r 0 = 246 mm. The maximum intensity occurs where the two beams constructively interfere in the center with an intensity of approximately 2.5. (b) Intensity plot derived from (a) with the center peak and two outer fringes, and with the background removed. The array obtained from the right hand figure is used to calculate the fringe visibility as outlined in Eq. (7).
As in the simulations to determine the SI above, fifty "frames" each comprising 1024x1024 points are first averaged to get the beam intensity profile after one "exposure" in order to determine the FV at the target. Each frame involves a different phase screen resulting from the same PPS and a constant Fried parameter. The differing phase screens arise due to a unique draw of complex random variables with a zero mean and unit variance for each frame [1] . The mean of thirty "exposures" are now used to determine the final FV for the given beam waist, separation between the beams, phase screen location, and propagation distance. A 1x1024 slice along the center of each frame is first taken to get a (y) cross-section of the interference profile, and fringes near the highest peaks are examined for visibility calculations (see Figure  3 ). This eliminates erroneous values for the fringe visibility, which would likely result from near-zero intensities at the wings of the Gaussian(s). The three central peaks are found (see Figure 3(b) ) and the FV is calculated from the minimum and maximum of the truncated slice.
At 0 the Gaussian beams are transmitted in the same exact manner as the single Gaussian beam.
The beam propagation method is employed to accurately and efficiently simulate both effects upon the beam irradiance. As before, the phase screen is determined by the power spectral density written in terms of the Fried parameter. The value of the Fried parameter is again 246 mm. The waist of each Gaussian beam is held constant at 30 mm and the propagation distance is varied. The phase screen location is set at a constant value of half the propagation distance. Changing the beam waist results in significant interference starting at different distances of propagation, and the data does show the FV is affected by the beam waist and separation as the beams propagate. The location of the phase screen is varied from 0.15 of the total propagation distance to 0.85 of the total propagation distance. The beam waist is 30mm, separated by 60mm, so that the beams will have some overlap prior to encountering the phase screen. The twin beams have been propagated through distances varying from 2.0 km to 8.0 km. The results, shown in Figure 4 , show an increase in the FV as the phase screen moves closer to the target plane. This is because FV before the phase screen is due to coherent interaction between the beams, and the location of the phase screen closer to (farther from) the target plane distorts the fringe pattern to a lesser (greater) extent due to the shorter (longer) subsequent distance of propagation. We note that for a propagation distance of 3 -4 km, the FV is the lowest amongst all recorded distances and for all phase screen locations. The reason for this is currently under investigation.
CONCLUSIONS
In this work we have studied selected properties of the modified von Karman spectrum using a single phase screen. For a single beam, the location of the phase screen and the beam waist both contribute to the overall SI. The phase screen is characterized by MVKS and the Fried parameter. The Rytov variance as in Equation (3), which is written for a plane wave and for distributed turbulence, cannot be used for our calculations.
Connections between the SI and FV have not been definitively established at this time and are under investigation. A higher FV should ideally correspond to a lower SI. For the case when the phase screen location is varied, the SI decreases and the FV increases as the phase screen approaches the target plane.
